The ribosomal proteins from nine species of prokaryotes have been compared by polyacrylamide gel electrophoresis in the presence of sodium dodecyl sulfate. The stained gels were scanned spectrophotometrically, the weight and number average molecular weights were calculated, and the detailed distribution of the proteins as a function of molecular weight was determined. By all of these criteria, the ribosomal proteins from all the species closely resembled each other, despite differences in the pattern of protein bands by conventional disc-gel electrophoresis. Therefore, it is suggested that the structural requirements for the assembly of ribosomal subunits have imposed limitations on the evolution of the ribosomal proteins and that their size has been highly conserved.
The ribosomal proteins from nine species of prokaryotes have been compared by polyacrylamide gel electrophoresis in the presence of sodium dodecyl sulfate. The stained gels were scanned spectrophotometrically, the weight and number average molecular weights were calculated, and the detailed distribution of the proteins as a function of molecular weight was determined. By all of these criteria, the ribosomal proteins from all the species closely resembled each other, despite differences in the pattern of protein bands by conventional disc-gel electrophoresis. Therefore, it is suggested that the structural requirements for the assembly of ribosomal subunits have imposed limitations on the evolution of the ribosomal proteins and that their size has been highly conserved.
The ribosomes from most, if not all, prokaryotes thus far examined are structurally similar. The large and small subunits have sedimentation coefficients of approximately 50 and 30S (21) , contain 5, 16, and 23S ribonucleic acid (RNA) species (14, 21) , and contain similar amounts of protein (2, 8, 19) . We have postulated that the requirement that ribosomal proteins interact with 23 and 16S RNA to produce only 50 and 30S particles should place constraints on both the size and the number of proteins that can fit together to make the particle (6) . This consideration leads to the prediction that the size of ribosomal proteins should be conserved during evolution, whereas sequence and charge, at least insofar as they do not affect the function of the proteins, should be less highly conserved.
Until now detailed molecular weight studies of ribosomal proteins have been reported only for Escherichia coli (7, 12, 24) . We have examined the ribosomal proteins of nine bacterial species representing three orders by electrophoresis at pH 4.5 in buffers containing urea and at pH 7.2 in buffers containing sodium dodecyl sulfate. The first type of gel separates proteins on the basis of both size and charge, whereas the second separates them solely on the basis of molecular weight. The results show that the weight and number average molecular weights (and therefore the number of ribosomal proteins) as well as the assortment of the ribosomal proteins into specific molecular weight classes is similar for all these species.
No such similarity was seen for the patterns of bands on urea gels, indicating that charge has been less highly conserved than size. The results indicate the generality in other prokaryotes of the type of size distribution first observed for E. coli ribosomal proteins. By contrast, eukaryotic ribosomal proteins are larger and more numerous (6, 11, 26 Ribosomal subunits were prepared by dialyzing the crude 70S ribosomes against a buffer appropriate for dissociation for 16 hr, followed by centrifugation in linear 7 to 25% sucrose density gradients in the same buffer for 10 hr at 26,000 rev/min in a Spinco SW27 rotor. In general, 3-ml samples of a 3 to 4 mg/ml ribosome preparation were applied to each gradient. The purity of the isolated subunits was analyzed in small sucrose density gradients, and if necessary a second cycle of purification was carried out so that the contamination of one subunit by the other was less than 3%.
The purified 30S subunits from Azotobacter were found to dimerize to form a band sedimenting at about 50S when analyzed in TMN II buffer. However, the faster sedimenting component was shown to contain only 16S RNA and to have a protein composition identical to the 30S component. The purity of the 50S particles was established by the absence of both 16S RNA and characteristic 30S proteins.
Disc-gel electrophoresis and gel scanning. Procedures for gel electrophoresis in sodium dodecyl sulfate (SDS) and at pH 4.5 in urea have been described previously (24) . The SDS gels contained 10% acrylamide and 0.27% bisacrylamide, and the pH 4.5 urea gels contained 7.5% acrylamide with 0.2% bisacrylamide. Gels were stained with Coomassie brilliant blue (R-250) and scanned at 600 nm with a Gilford spectrophotometer. The staining intensity of Coomassie blue has been shown to be proportional to the quantity of protein present between 0.5 and 10 jig per component (5, 6) ; the amounts of ribosomal protein samples were chosen so that all bands fell within the linear range.
Calculation of the weight and number average molecular weight. The molecular weight (m,) corresponding to each migration distance on the SDS gel was estimated by calculating a calibration curve for a series of standard proteins (6, 27) . The amount of material (cl) at each distance was estimated by the intensity of staining with Coomassie brilliant blue. These values for each of the points throughout the scan were used to calculate the number and weight average molecular weights according to the equations Mn = (ZcA)/(Zcj/m1) and Mw = 2c1m1/2ci. In most cases two or more gels were analyzed for each subunit; results agreed within 5% and the average values were used.
RESULTS
Gel electrophoresis of ribosomal proteins. The ribosomal proteins from both subunits of each of nine species investigated were analyzed by gel electrophoresis in urea at pH 4.5. The results are shown in Fig. 1 SDS gels of all the ribosomal proteins are also shown in Fig. 1 . The pattern of bands of 50S ribosomal proteins are very similar for all the species, indicating that the molecular weights of the various proteins are very similar. This similarity will be demonstrated quantitatively in a later section. The principal differences that are observable are seen in the two Bacillus species, which have three distinct bands of molecular weight greater than 40,000 not present in the other species. The pattern of the 30S ribosomal proteins also shows uniformity on SDS gels, but in this case the similarity is not so striking as for the 50S subunits. The protein pattern of the subunits from the related species E. coli, P. vulgaris, and S. typhimurium are almost identical, in contrast to the urea gel analysis which showed definite differences. The patterns for the two Bacillus species do however differ in detail from each other. All species have in common a large proportion of small proteins with molecular weights of 15,000 or less. A component of molecular weight approximately 70,000 is present in seven of the species but is missing from M. phlei and B. stearothermophilus.
Average molecular weights of prokaryotic ribosomal proteins and the number of proteins per ribosomal subunit. The weight and number average molecular weights of the total on July 5, 2017 by guest http://jb.asm.org/ Downloaded from ribosomal proteins from each subunit of the nine species studied are presented in Table 2 . In addition, for six of the species the supernatant proteins free from ribosomal protein were analyzed. The number of moles of protein per mole of subunit has been calculated from the average molecular weights by assuming that each subunit contains the same number of daltons of total protein as the corresponding subunit from E. coli (Table 2) .
The average molecular weights of all the prokaryotic ribosomal proteins from both the large and small subunits are similar. These proteins are smaller than the corresponding supernatant proteins, and the ribosomal proteins as a class are among the smallest in the cell. All of the prokaryotic ribosomal subunits contain approximately the same number of moles of protein as the corresponding subunit from E. coli.
Distribution of molecular weights. Figure  2 shows by means of histograms the weight and mole fractions of the ribosomal proteins from the different subunits plotted in molecular weight classes of 5,000 between 10,000 and 80,000. There is a characteristic distribution common to all of the ribosomal protein samples. For all of them there is a peak in the distribution between 10,000 and 15,000 molecular weight, a cutoff below 10,000, and decreasing amounts of material above 20,000, so that at least 45% of the material is less than 15,000 and 70% is less than 20,000 molecular weight. This distribution was noted earlier for E. coli (24) . In sharp contrast, the supernatant proteins, also shown in Fig. 2 , are evenly distributed between 10,000 and 80,000 molecular weight.
DISCUSSION
Several types of studies comparing different bacterial ribosomal proteins have been made previously:
(i) Analysis on polyacrylamide gels and on carboxymethyl cellulose columns. Similarities in the proteins of closely related species were observed but few obvious correlations could be made between the ribosomal proteins of more distantly related species (18, 20) . These separations depend on both size and amino acid composition in one case (electrophoresis) and primarily on composition in the second case (chromatography), and it is difficult to infer any relationship between proteins from two different kinds of ribosomes except when they are identical.
(ii) Analysis of immunological cross-reaction. Antisera against several purified E. coli ribosomal proteins were tested for reaction with the ribosomal proteins from other species (28 [13] [14] [15] [16] [17] [18] [19] 17 ,000 23,000 [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] a Weight and number average molecular weights were calculated from SDS gel data (7). Moles of protein per mole of subunit were calculated with the following assumptions. The subunits of the other strains were assumed to contain the same amount of protein as E. coli (330,000 daltons for the 30S particle; 600,000 daltons for the 50S particle), and the maximum and minimum number of moles of protein per particle were calculated by dividing the total daltons of protein per particle by either the number (M.,) or weight (Mw) average molecular weights. (iii) Functional analysis. The ribosomal proteins and 16S RNA from several unrelated bacteria have been shown to be interchangeable in the reconstruction of active 30S particles from RNA and protein (17) . These results are indicative of certain common structural features in both the RNA and protein components of these different species.
The results presented here on the characterization of ribosomal proteins by SDS gel electrophoresis indicate that the size and number of the ribosomal proteins have been conserved, despite differences in primary structure indicated by altered electrophoretic mobility, changed behavior on ion exchange chromatography, and absence of immunological crossreactivity. This general structural similarity is entirely consistent with the functional interchangeability found by Nomura (17) .
The nine bacterial species used in this study were chosen from the orders of Eubacteriales, Actinomycetales, and Pseudomonadales. Their deoxyribonucleic acid (DNA) guanine plus cytosine composition, a valuable taxonomic criterion, varies from 38 to 72% (9) . Five of them are gram-negative and four gram-positive, and two of them are sporeformers. The nine species therefore represent widely divergent evolutionary trends.
The structure of the ribosome seems to have been conserved during the evolution of the prokaryotes, and indeed one of the main features that differentiates eukaryotes from prokaryotes is the evolution of a new type of ribosome (19) . Ribosomal RNA varies far less with respect to its base composition than does DNA (1, 3, 4) . The size of the ribosomal subunits and of the component RNA molecules, and the ratio of RNA to protein is similar for most prokaryotes. The principal conclusion from the experiments described here is that in addition the size and number of the prokaryotic ribosomal proteins have been conserved.
Our previous studies on E. coli ribosomal proteins with the methods employed here indicated the presence of 16 to 21 proteins of number average molecular weight 16,000 on the 30S subunit and 29 to 35 proteins of number average molecular weight 17,000 on the 50S subunit (6) . These values were in agreement with a number of distinct protein species identified in E. coli ribosomes by direct isolation and chemical characterization. It seems likely that, for other bacteria also, the present estimates for the number of moles of protein per particle will closely approximate the number of different kinds of proteins (10, 12, 24) .
The present results show that ribosomal proteins of other bacterial species closely resemble those from E. coli in size and number, the shape of the overall molecular weight distribution and, especially for the 50S proteins, in the presence of a common pattem of discrete bands with the same molecular weights. These criteria define a prokaryotic type of ribosomal protein distribution which is distinct from that of eukaryotes. The proteins from eukaryotic ribosomes are both larger and more numerous than those from prokaryotes. For example, mouse plasmocytoma ribosomes contain about 80 proteins of number average molecular weight 28,000 (6) , and other types of eukaryotes have been reported to have ribosomal proteins of similar size and number (11, 26) . In contrast to this distinctive difference between the ribosomal proteins, the supernatant proteins of prokaryotes and eukaryotes are quite similar in their molecular weight distributions; the molecular weight differences are characteristic of the ribosomal proteins and not of eukaryotic and prokaryotic proteins in general.
A more detailed examination of the gels of the different ribosomal proteins raises several additional points. (i) The SDS gel analysis of the 50S ribosomal proteins shows greater similarity than that of the 30S proteins, and this may be related to the greater degree of stoichiometry of the 50S ribosomal proteins (15, 24) .
(ii) The sensitivity of the urea gel analysis to small differences between species and, indeed, between different strains of the same species (13, 20) combined with the relative insensitivity of the SDS gel pattern to quite major taxonomic differences suggests that polyacrylamide gel analysis of ribosomal proteins could be a valuable taxonomic tool. (iii) A band with the highest molecular weight of any ribosomal protein is found on the 30S subunit of seven of the nine species examined. The protein from E. coli has been examined for its function by two groups of workers; Nomura's group found the protein to be dispensable (16) whereas Kurland's has implicated the protein in the binding of poly(U) and transfer RNA to the ribosome (25) . The absence of this protein in M. phlei and B. stearothermophilus raises again the question of its functional role. We thank Robert M. Bock for raising questions which stimulated the investigation reported here.
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